Six experiments involving 706 newly weaned 28-to 32-d-old pigs were conducted to evaluate the efficacy of copper (Cu) sulfate (to provide 250 mg/kg Cu), antibiotic-sulfa combinations [chlortetracyeline, 110 mg/kg + penicillin, 55 mg/kg + sulfamethazine, 110 mg/kg; i.e., Aureo-Sulfa-Penieillin (ASP) or tylosin, 110 mg/kg + sulfamethazine, 110 mg/kg; i.e., Tylosin-Sulfa (TS)] and anhydrous citric or fumaric acid (.75 to 1.5% of the diet). The basal experimental diet was a 19% crude protein (CP)-fortified corn-soybean meal diet (1.08% lysine) containing 7% dried whey and 3% fish meal. Marked and consistent gain and gain/feed responses occurred from the Cu supplement, particularly during the first week postweaning. The antibiotic-sulfa combinations were less efficacious than Cu during the 1-wk postweaning stress period. During either the 1: or 3-wk growth periods, ASP and TS showed additivity with Cu in promoting rate and efficiency of weight gain. Liver Cu was increased by Cu addition to the diet, but neither ASP nor TS affected Cu deposition in the liver. In a factorial experiment involving 17% (1.01% lysine) or 20% CP (1.23% lysine) corn-soybean meal diets containing either no dried whey or an addition of 25% whey, Cu supplementation elicited marked imwovements in rate and efficiency of weight gain, particularly in diets
I ntroduction
The scientific literature contains an abundance of research reports documenting the efficacy of antibacterial feed additives for newly weaned pigs. More recently, significant additivity has been shown between supplemental copper (Cu) and antibiotics (Stahly et al., 1980; Cromwell et al., 1981; deLima et al., 1981; Roof and Mahan, 1982) . Organic acids have also been reported to stimulate weanling pig performance (Kirchgessner and Roth, 1982; Falkowski and Aherne, 1984; Giesting and Easter, 1984) .
It is well established that newly weaned pigs experience a postweaning slump that lasts for about 1 wk. Whether antibiotics, Cu and organic acids such as citric and fumaric acid will ameliorate the postweaning stress period is not well established. Our objectives, therefore, were (1) to establish the efficacy of Cu, antibiotics and sulfamethazine in various combinations for newly weaned pigs and (2) to evaluate both citric and fumaric acids as feed efficiency enhancers when added to weanling pig diets already containing a full complement of antibacterial feed additives. Performance was evaluated during the initial week postweaning and for a 3-wk postweaning growth period. Liver biopsy samples were also obtained to determine whether antibiotics, sulfamethazine 3 or citric acid would exert any effect on liver Cu accumulation in pigs fed 250 mg Cu/kg diet.
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Experimental Procedure
Six experiments were conducted utilizing 706 crossbred pigs weaned at 28 to 32 d of age. The pigs were maintained in an environmentally controlled nursery in pens with expanded metal floors. Pigs at weaning were allotted to treatments from outcome groups based on ancestry and weight in a randomized complete block design. Experimental diets were fed to five replicates (pens) of five pigs each in Exp. 1 and 2, three replicates of five pigs in Exp. 3, four replicates of five pigs in Exp. 4, five replicates of four pigs in Exp. 5 and four replicates of three pigs in Exp. 6. Average initial weights of the pigs were 8.7, 8.6, 8.7, 6 .9, 9.6 and 8.8 kg for Exp. 1 through 6, respectively. Diets and water were provided ad libiturn. Weight gain and feed consumption were monitored weekly during experimental periods of 21 d for each experiment.
The experimental diets for Exp. I through 5 (table 1) were formulated to meet or exceed the nutrient requirements of the 5-to 10-kg pig (NRC, 1979) . Dietary additions of Cu sulfate (to provide 250 mg Cu/kg diet), antibiotics (variable levels), sulfamethazine (110 mg/kg) and organic acids (.75 or 1.5% of diet) were made at the expense of cornstarch. In addition to weight gain and feed intake data, liver biopsies were obtained surgically at the conclusion of Exp. 1, 3 and 4. After an injection of atropine sulfate, pigs were anesthetized with halothane gas, and a small incision made along the midline just below the sternum. A .5-g sample of liver tissue was then excised from the outer portion of the central lobe. A small piece of gelfoam material was placed on the excised edge of the intact liver, which was held by a mixter forceps. The incision was then sutured and the pig given an injection of penicillin. Following removal from the halothane device, pigs were placed in a recovery room for 24 h before being returned to the herd.
In Exp. 1, the median-weight pig was chosen from each pen fed the basal and those treatments containing Cu and a liver biopsy performed. In Exp. 3 and 4, the three most uniform pigs based upon weight were chosen for biopsy from pens involving treatments containing Cu. The liver samples were wet ashed and analyzed for Cu content by atomic absorption spectrophotometry.
Experiment 6 was a 23 factorial experiment in which the contrasts were high (20%) vs low (17%) crude protein (CP) level, high content of dried whey (25%) vs low content (none) and supplemental CuSO4"5H:O (250 mg Cu/kg diet) vs no Cu addition to the diet. The four basal diets to which Cu was added are shown in table 2. All diets contained Aureo-SulfaPenicillin (ASP; chlortetracycline, 110 mg/kg; penicillin, 55 mg/kg; sulfamethazine, 110 mg/kg); L-lysine" He1 (79% lysine activity) was added to the 17% CP diet without whey to bring the level to 1.01% of the diet, the same level as that found in the 17% CP diet contain- eprovided 110 mg chlortetraeycline, 110 mg sulfamethazine and 55 mg procaine penicillin per kg diet.
ing 25% dried whey. Likewise, because the high-whey, 20% CP diet contained 1.23% lysine, the 20% CP diet containing no added whey was fortified with L-lysine-HC1 to bring its level to 1.23%. Performance data were analyzed by analysis of variance procedures. Orthogonal single degree-of-freedom comparisons were used to test treatment main effects and interactions. Liver Cu data were analyzed by Fisher's least significant difference method (Steel and Torrie, 1980) .
Results
The results of Exp. 1 are presented in table 3. The ASP addition to the diet resulted in improved feed utilization at 3 wk regardless of citric acid or Cu presence in the diet. Copper addition improved both rate and efficiency of weight gain of pigs fed the experimental diets for either 1 or 3 wk. The magnitude of response to Cu was, moreover, considerably greater than that which resulted from ASP. The statistically significant Cu x ASP interaction for gain at either 1 or 3 wk postweaning can be interpreted as indicating that Cu was more efficacious in the presence than in the absence of ASP or, alternatively, ASP was more efficacious in promoting growth when fed with Cu than when fed by itself. In fact, reflecting the variability that often exists in antibacterial growth trials, ASP by itself (i.e., without concomitant Cu addition) increased neither gain nor gain/feed ratio at either 1 or 3 wk postweaning in this trial.
The response to citric acid at .75% of the diet in Exp. 1 was extremely variable. Clearly, it did not stimulate weight gain. Also, presence of citric acid in the diet had no influence on the Cu or ASP response. There was a tendency for gain/feed to be improved as a result of citric acid supplementation, although this effect was not statistically significant.
Liver Cu concentration was increased markedly by addition of 250 mg Cu/kg diet. Neither ASP nor citric acid in the diet significantly influenced liver Cu accumulation.
In Exp. 2 (table 4) , all diets contained ASP. The gain response to citric acid in this trial was again highly variable at both 1 and 3 wk after initiation of the trial. Copper, on the other hand, effected a marked growth response, especially at 1 wk postweaning. Relative to control values, the Cu-induced growth response was 75% at 1 wk and 10% at 3 wk. The statistically significant Cu • citric acid interaction present in the gain data implies that Cu was more efficacious in promoting weight gain when added to diets containing .75% citric acid than when added to diets containing 1.50% citric acid. An explanation for this result is not apparent.
The trend for citric acid to enhance efficiency of weight gain in Exp. 1 was confirmed CCopper sulfate • citric acid (.75 vs 1.50%) interaction at I wk for gain and gain/feed (P<.07) and at 3 wk for gain (P<.02). in Exp. 2, where gain/feed was increased linearly (P<.05) at 3 wk postweaning as a result of citric acid being added incrementally to the diet. Pigs fed 1.5% supplemental citric acid exhibited a 13.5% feed efficiency response over control animals. This response occurred in the presence of ASP and was uninfluenced by presence or absence of Cu in the diet. Also, the lack of response to citric acid during the first week postweaning suggests that the gain/feed response present at 3 wk must have occurred during wk 2 and 3 postweaning. Experiment 3 employed a 2 x 2 x 2 factorial treatment arrangement wherein tylosin, sulfamethazine and Cu were evaluated singly and in all combinations (table 5). The most consistent and marked response in both rate and efficiency of weight gain occurred from Cu supplementation: an 85 and 31% Cu response in gain and gain/feed, respectively, at 1 wk postweaning and a 36 and 8% response in gain and gain/feed, respectively, at 3 wk postweaning.
There appeared to be additivity between tylosin and Cu in the performance data. Both Cu and tylosin stimulated rate and efficiency of gain, and the combination tended to be more efficacious than either ingredient alone. Not unexpectedly, sulfamethazine did not enhance performance, nor did it in any way antagonize the efficacy of either Cu or tylosin. At both 1 and 3 wk postweaning, tylosin was more consistently efficacious in stimulating feed efficiency than in stimulating weight gain. Neither tylosin nor sulfamethazine, alone or in combination, significantly affected liver Cu accumulation in pigs fed supplemental Cu.
Experiment 4 was designed to retest the combination of ASP and Cu during the 1-wk postweaning stress period as well as during a 3-wk feeding period (table 6). As in Exp. 1, ASP was without benefit when fed to pigs during the 1-wk postweaning stress period. Copper, on the other hand, stimulated both rate and efficiency of gain markedly during this period. For the 3-wk period of growth, similar results occurred, although during this period, ASP produced a nonsignificant response of a lower magnitude than that obtained with Cu. In contrast to the results of Exp. 1, no additivity was present for Cu and ASP in this experiment. Liver Cu concentration of pigs fed supplemental Cu was not significantly affected by presence of ASP in the diet.
Diets containing both ASP and CuSO4" 5H20 did not respond to 1.5% added citric or fumaric acid during the initial week postweaning, but feed utilization efficiency was increased by both organic acids during the 3-wk postweaning growth trial (table 7) . Citric acid addition reduced diet pH by 1.50 pH units and fumaric acid by 1.88 pH units.
As shown in bcopper sulfate main effect at 1 wk for gain and gain/feed (P<.01) and at 3 wk for gain (P<.04) and gain/ feed (P<. 10).
CData are means of four replicates of three pigs each. dASP provided (per kg diet) 100 mg chlortetracycline, 110 mg sulfamethazine and 55 mg procaine penicillin.
eprovided 250 mg Cu/kg diet. response) or 250 mg CU/kg diet (19% gain response). It was apparent that regardless of the protein level fed, pigs that received wheycontaining diets responded less to Cu supplementation than did those fed diets containing no added whey. Dietary protein level did not interact significantly with either Cu or whey addition, suggesting that the efficacy of Cu and whey were independent of dietary protein level.
Data for the first week postweaning were similar to those shown in table 8 for the 3-wk postweaning growth trial except that Cu and whey responses were larger in magnitude. Dietary protein level did not significantly affect either weight gain or diet intake at either 1 or 3 wk postweaning, but gain:feed ratio for pigs fed 20% CP was greater than for those fed 17% CP during both periods. aData are means of five replicate pens of four pigs each; average initial weight was 9.6 kg.
ball diets contained both ASP (110 mg chlortetracycline/kg diet, 110 mg sulfamethazine/kg diet and 55 mg procaine penicillin/kg diet) as well as CuSO 4 .5H20 (250 mg Cu/kg diet), pH values for diets 1, 2 and 3 were 6.21, 4.71 and 4.33, respectively.
CFumaric acid greater (P<.08) than citric acid.
dBasal vs organic acids main effect (P<.07).
eprovided as free acid (anhydrous). aData are means of four replicate pens of three pigs each during a 3-wk feeding period ; average initial weight was 8.8 kg.
bWhey and Cu main effects (P<.O05).
Cprotein leve/(P<.OO2), whey (P<.O1) and Cu (P<.O2) main effects; whey • Cu interaction (P<.O1). dAll diets contained ASP (110 mg chlortetracycline, 110 mg sulfamethazine and 55 mg procaine penicillin per kg diet); within protein levels, diets were formulated to be equal in lysine concentration (1.01% in the 17% protein diets and 1.23% in the 20% protein diets).
Discussion
Supplementation of swine diets with 250 mg Cu/kg diet (from CuSO4"5H20) markedly and consistently improved rate and efficiency of gain of weanling pigs, particularly during the 1-wk postweaning stress period. The responses to antibiotics or antibiotic combinations were more variable, as has been noted often in previous research from a variety of investigators. In general, additivity was found in our studies when antibiotics were fed in combination with Cu. This agrees with recent published research (Moser, 1982; Roof and Mahan, 1982; Cromwell, 1983) . Additivity was also evident (table 8) when dried whey (25%) and Cu (250 mg Cu/ kg diet) were added together to a simple cornsoybean meal diet. Nonetheless, the whey response was influenced by Cu and, likewise, the Cu response was influenced by whey. Certainly, more research is needed in this area to establish why high-whey diets respond less to Cu supplementation than low-whey diets and vice versa, why high-Cu diets respond less to whey addition than low-Cu diets.
Whey-containing diets with 17% CP allowed weight gains as great as similar diets containing 20% CP, despite the lower level of lysine in the 17% CP diet (1.01%) as compared with the 20% CP diet (1.23%). That 1.01% lysine was apparently inadequate for feed efficiency, however, is indicated by the fact that gain/feed was greater for pigs fed 20% CP diets than for those fed 17% CP diets.
Sulfamethazine failed to exhibit growthpromoting efficacy (table 5) . Sulfamethazine is a relatively inexpensive gram-negative antibacterial drug that exhibits good efficacy against Bordetella organisms that invade the nasal cavities and cause atrophic rhinitis. Because sulfamethazine is orally active and gets to the nasal cavity of pigs in significant concentration, one can easily justify inclusion of sulfamethazine (or another orally active sulfa drug) as a rhinitis preventative. It is therefore possible that sulfamethazine per se might increase growth rate of pigs suffering from atrophic rhinitis, although research evidence to document this effect is lacking. Sulfamethazine is not cleared by the Food and Drug Administration for use in swine feeds except in combination with antibiotics like tylosin or chlortetracycline + penicillin. Also, it should be noted that the Cu + sulfamethazine combination is not cleared for use in swine feeds.
Very little research has been published wherein liver Cu stores have been evaluated after pigs have been fed supplemental Cu for a 3-or 4-wk postweaning growth trial. Our data in which liver biopsy samples were obtained provided no clear evidence that any of the antibiotics, sulfamethazine or citric acid had any consistent effect on liver Cu stores. Roof and Mahan (1982) came to a similar conclusion regarding effects of 55 mg carbadox/kg diet on accumulation of Cu in the liver of pigs fed supplemental Cu. Copper excretion in feces, however, was increased as a result of feeding carbadox. Because swine feces may be reconsumed by other species of livestock or by pigs themselves, it is of interest to speculate on the relative bioavailability of Cu when present in feces compared with that provided as CuSO4" 5H20. Preliminary evidence from our laboratory suggests that fecal Cu (from feces obtained with pigs fed 250 mg Cu/kg diet) is much less bioavailable to chicks than is Cu consumed as CuSO4" 5H20.
Liver Cu concentration was found to be extremely variable, even for pigs fed the same diet in the same pen. Ten-to 15-fold differences existed for Cu-fed pigs in the same pens. We are currently looking into the relevance of this finding. In particular, we are interested in whether pigs that seem most inclined to accumulate Cu in their livers are those that respond best or poorest to supplemental Cu feeding.
The data reported here with 1.5% of either citric or fumaric acid indicate that more research is needed in this area of investigation. Both of these additions reduced pH of the diet. Whether this phenomenon or something else accounted for the organic acid-enhancing effect on feed conversion remains to be determined. Our results with citric and fumaric acid parallel the findings of Falkowski and Aherne (1984) and Giesting and Easter (1984) . Their studies, however, involved organic acid addition to diets containing no antibacterial feed additives, while ours were done with pigs fed both supplemental Cu and ASP. Perhaps this explains why these researchers obtained gain as well as gain/feed responses while our responses were primarily in feed efficiency only. Whether the small feed efficiency response to organic acids that occurs in pigs fed diets containing the full complement of antibacterial feed additives will prove cost effective remains problematic.
